Achieving good islet isolation is one of the most important factors for successful islet transplantation. Porcine pancreas is suitable for islet isolation research due to its anatomical and physiological similarities to human pancreas. In this study, we evaluated a new porcine islet isolation method designed to maximize islet yield and compared it with our previous open pan method and the standard method using a Ricordi chamber (Ricordi method). We performed 15 porcine islet isolations, five each with the new method, the open pan method, and the Ricordi method. The new method features several important improvements. Pancreata remain uncut and are kept intact during collagenase intraductal injection, a large filtration chamber to handle whole pancreata, low concentration of collagenase (Liberase TM HI) for digestion, and large plastic containers for large-scale islet purification. All isolated islets were assessed for yield, purity, viability and in vitro function. Islets isolated with this new method were transplanted under the kidney capsules of SCID mice with chemically induced diabetes for in vivo functional assessment (n = 8). With the new method, we obtained on average more than 1,000,000 islet equivalents (IE) (1,236,266 ± 213,486 IE) (mean ± SE) before purification and 800,000 IE (879,815 ± 222,729 IE) after purification from one adult pig. Islet yield per pancreas was significantly higher compared with our previous open pan method (30,666 ± 11,532 IE, p < 0.01) and the Ricordi method (317,073 ± 86,093 IE, p < 0.05). All mice, transplanted with 1000 islets from the new method, returned to normoglycemia within 4 days after transplantation. Our new method makes it possible to obtain extremely high porcine islet yield with good function. It should produce useful information for human islet isolation and transplantation, and might be applied to single donor clinical xenogeneic transplantation.
INTRODUCTION
cine islet isolation can be expected to provide additional useful information for human islet isolation. In the study presented here, we developed a new Clinical islet transplantation for the treatment of type 1 diabetes has made substantial progress but still needs method for large size pig pancreas islet isolation designed to maximize islet yield and compared the results further improvements, especially for islet isolation recovery (1, 14, 15) . Due to inherent donor variability, hu-with those obtained with our previous open pan method and with the Ricordi method. man pancreata are not always suitable for controlled research (5, 8) . Instead, the pig has been found to be a suitable large-animal model for islet isolation and trans-MATERIALS AND METHODS plantation research because of the anatomical and physi-Pig Islet Isolation ological similarities of the porcine pancreas to those of the human pancreas.
Between February 2003 and December 2003, 15 pig pancreata were obtained at a local slaughter house. Five Although major improvements have been made in the field of porcine islet isolation (2, 9, 10, 12) , there still is a pancreata were isolated with our new method, another five with the open pan method (7), and the remaining need for better isolation methods. Improvements in por-758 YONEKAWA ET AL.
five with the Ricordi method (11, 12) . All pancreata were collected and washed three times in the MEM with the 10% NCS solution. transported to our islet isolation laboratory within 3 h after slaughtering. For the new method, pancreata were For the open pan method, islets were isolated as previously described with some modifications (7). Briefly, preserved in UW-D solution (9), while pancreata to be used for the open pan and the Ricordi methods were pancreata were distended on an open pan with the intraductal infusion of 140 ml of a room temperature solution preserved with the two-layer method (TLM) (6) .
of HBSS containing 1.5 mg/ml of Liberase TM HI and 10 Islet Isolation Methods U/ml of heparin. A single lot of Liberase TM HI (93088620) was used for this method. Following distention of the For the new method, the whole pancreas from an adult pig was procured within 20 min of warm ischemic pancreas, a stainless steel sieve (450 µm mesh) was placed on the pan and the pancreas was transferred to the time. Careful procurement to avoid cutting into the parenchyma enabled us to obtain an intact whole pancreas. sieve, after which the temperature of the pan was raised to 37°C. The collagenase solution in the pan was then A cannula was then inserted into the main pancreatic duct, which had been connected to the duodenum. The diluted with plain HBSS. When the pancreas was approximately half digested, chilled HBSS with 5% NCS cannula was fixed with 3-0 silk and about 200-300 ml of UW-D solution was infused into the pancreatic duct was added and the pan temperature was reduced to 4°C. The digest was then collected and washed three times in before preservation (9). The pancreas was preserved in the UW-D solution and transported to our islet isolation chilled HBSS with 5% NCS. Islets were purified with a continuous density gradient using iodixanol (Optiprep; laboratory, where it was distended with 300-450 ml of a room temperature solution of Hank's balanced salt so-Axis-Shield PoC AS, Oslo, Norway) as described previously (7). lution (HBSS) (Invitrogen, Carlsbad, CA, USA) containing 0.5 mg/ml of collagenase (Liberase TM HI; Roche For the Ricordi method, we used the Edmonton islet isolation protocol for pancreas digestion (11, 15) . A sin-Diagnostics Corporation, Indianapolis, IN, USA). The concentration of Liberase TM HI was therefore about one gle lot of Liberase TM HI (93088620) was used for this method. Islets were purified with the same method as third compared to that used for the other two methods. Two lots (93088620x4, 93008660) were used for our for our new method. Purified islets were washed at least three times in me-isolation method. After distention, the whole pancreas was cut into four pieces and all pieces were put into a dium 199 (Invitrogen) with 10% fetal bovine serum (FBS) and the islets were cultured overnight at 37°C in 1-L Nalgene jar, which was warmed to 37°C until almost the entire pancreas was digested. When the pieces 5% CO 2 before in vitro or in vivo functional tests. of pancreas were almost falling apart, we put the di-Islet Evaluation gested tissue into a large filtration chamber (Umihira, Kyoto, Japan). The chamber, made of polycarbonate, Islet preparations were evaluated for yield, purity, and morphology by using dithizone (Sigma-Aldrich, St. has a volume of approximately 720 ml. The outlet is positioned beneath the chamber and the inlet at the top.
Louis, MO, USA) staining (13). The viability of islets was evaluated by means of acridine orange (10 µmol/L) It contains a 500-µm mesh and 200 ml of 5-mm glass beads to filtrate the digested tissue. A dilution solution, and propidium iodide (15 µmol/L) (AO/PI) staining (6) . The islets were scored for shape (flat vs. spherical), bor-minimum essential medium (MEM) (Invitrogen) with 10% neonatal calf serum (NCS), was added from the der (irregular vs. well rounded), integrity (fragmented vs. solid/compact), uniformity of stain (not uniform vs. inlet and the filtrated tissue was collected into 250-ml conical tubes. When almost all digest had been col-perfectly uniform), and diameter (all <100 µm vs. >10% >200 µm) as described previously (6). lected, the collection phase was terminated. The collected tissue was washed three times in MEM with the In vitro islet function was assessed by monitoring the insulin secretory response of the purified islets during 10% NCS solution. For islet purification we used four 500-ml flat bottom plastic containers to load discontinu-glucose stimulation according to the procedure described by Shapiro et al. (15) . Briefly, purified islets were cul-ous density gradients. This system allowed us to purify up to 120 ml of tissue at a time. The discontinuous gra-tured overnight in medium 199 with 10% FBS at 37°C and in a 5% CO 2 atmosphere. About 180 islet equiva-dients consisted of 100 ml each of 1.060, 1.096, and 1.110 g/ml Ficoll-Euro-Collins solution (9) and the digest lents (IE) were collected and incubated with either 2.8 or 20 mM glucose in RPMI-1640 (Invitrogen) for 2 h at was mixed with the bottom gradient (i.e., bottom loaded). This system was centrifuged at 1800 rpm (1000 × g) for 37°C and in 5% CO 2 . The supernatant was collected and insulin levels were determined with an ELISA insulin 15 min at 4°C. The purified islets formed a layer between the top and second gradients, which was carefully kit (Morinaga, Yokohama, Japan). The stimulation index was calculated by determining the ratio of the insulin min) than with the OPM (20.4 ± 1.6 min; p < 0.001) and the RM (15.6 ± 1.6 min; p < 0.001). This difference is released from islets in a high glucose concentration to the insulin released from islets in a low glucose concen-thought to reflect the low collagenase concentration in the NM. Dilution time (the time from the start of dilu-tration.
In vivo islet function for islets obtained with the new tion until the end of tissue collection) was significantly shorter for the NM (25.8 ± 4.7 min) than for the OPM method was assessed by transplanting 1000 handpicked islets under the kidney capsules of chemically induced (37.6 ± 1.1 min; p < 0.02) and similar to that for the RM (27.2 ± 1.4 min). diabetic SCID (C.B-17/Icr-scid Jcl; CLEA, Japan) mice. Briefly, SCID mice were injected with 220 mg/kg IP of Before purification, total islet yield for the NM was 1,236,266 ± 213,486 IE, which was significantly higher streptozotocin (Sigma-Aldrich). When the blood glucose level exceeded 350 mg/dl for 2 consecutive days, the than for the OPM (57,113 ± 14,377 IE) and the RM (441,867 ± 41,806 IE) (Fig. 1) . The corresponding islet mice were considered to be diabetic. After overnight incubation, 1000 porcine islets were handpicked under a yield after purification was 879,815 ± 222,729 IE, also significantly higher than for the OPM (30,666 ± 11,532 dissecting microscope (Stemi SV11; Carl Zeiss SMT AG, Oberkochen, Germany) for transplantation. The IE) and the RM (317,073 ± 86,093 IE) ( Fig. 1) . Islet yield per gram pancreas before purification with recipient was anesthetized by inhalation of isoflurane (Forane; Abbott Japan Co. Ltd., Osaka, Japan) and the the NM was 5598 ± 909 IE, which was significantly higher than the yield obtained with the OPM (1407 ± islets were transplanted under the left kidney capsule (n = 8). Blood glucose levels were measured every day 319 IE) and higher, but not significantly so, than with the RM (4395 ± 387 IE) (Fig. 2) . The corresponding for a week after the transplantation and three times a week for a month and once a week thereafter. When the yield after purification was 4702 ± 1194 IE for the NM and this was also significantly higher than for the OPM blood glucose level was demonstrated to be below 200 mg/dl for 2 consecutive days, the mouse was considered (702 ± 244 IE) and higher, but not significantly so, than for the RM (3115 ± 821 IE) (Fig. 2) . to be cured of diabetes. More than 90 days after transplantation, some mice received nephrectomies to ensure Table 1 summarizes the results of three islet isolation methods. Before purification, pellet size produced with that the transplanted porcine islets had been working (n = 3), and some mice, which had not received nephrec-the NM was significantly larger compared with both the OPM and the RM, as was the pellet size after purifica-tomies, were tested by 1 g/kg oral glucose tolerance test (OGTT) (n = 3). On nephrectomy, graft-bearing kidneys tion. Purity of the islets obtained with the NM was significantly better than for the OPM but similar to purity were histologically examined by hematoxylin and eosin (H&E) stain and immunohistological insulin stain.
obtained with the RM, while islet viability was similar among the three groups. Finally, the visual score of the These experiments were approved by the Institutional Animal Research Committee.
islets obtained with the NM was significantly higher
Statistical Analysis
All results are expressed as means ± SE. Differences among the experimental groups were analyzed by ANOVA with the post hoc test (Fisher's PLSD) using Stat View (SAS Institute Inc., Cary, NC, USA). Values of p < 0.05 were considered significant.
RESULTS
A total of 15 pig pancreata were used, five each for the new method (NM), the open pan method (OPM), and the Ricordi method (RM).
The NM allowed us to utilize the whole pancreas, which was not possible with either of the other two methods. The average size of the pancreas was 235 ± 34 g for the NM, 43 ± 6 g (p < 0.001) for the OPM, and creas into a jar, pan, or a chamber until the start of diluand the standard Ricordi method (RM) (striped columns). Total islet yield was significantly higher with the NM. tion) was significantly longer with the NM (67.5 ± 2.5
DISCUSSION
Islet transplantation for the treatment of type 1 diabetes has shown substantial improvement recently (1, 14, 15) . However, isolation of large quantities of high-quality islets is still the most important factor for successful islet transplantation.
We demonstrated recently that the open pan method is an easy and effective islet isolation method for research-grade human and nonhuman primate pancreas (7) . In this study we tried to apply this method to porcine islet isolation. Even though porcine pancreata were preserved with the TLM, the efficacy of islet isolation With our new method, we were able to isolate large than that for the OPM but similar to that for the RM.
quantities of islets from a pig pancreas. Several strate-The stimulation index was not significantly different for gies were used to maximize islet yield. First, by keeping the three methods.
the pancreas uncut and intact, all duodenal, splenic, and All eight diabetic SCID mice, transplanted with 1000 connective lobes could be utilized for islet isolation. It handpicked islets obtained with the NM and placed unis well known that the pancreatic capsule should remain der the kidney capsules, returned to normoglycemia intact during collagenase injection for the isolation of within 4 days after transplantation, and their blood gluislets from rodent pancreas. However, the pancreas is cose level remained normal for more than 90 days postusually cut into two or three pieces before collagenase operatively (Fig. 3 ). All three mice returned to hyperglyinjection in large animals and humans. We speculated cemia following nephrectomies on POD 91 (Fig. 3) . OGTT that an intact pancreatic capsule could prevent leakage of 1 g/kg on average showed normal glucose clearance of collagenase for more effective digestion of the pancreas. curve (n = 3) ( Fig. 4) . Histological examination demon-Second, we used a large filtration chamber so that strated porcine islets under the kidney capsule ( Fig. 5) .
the whole pig pancreas could be handled. The standard Ricordi chamber can hold up to 120 g of pancreas while the capacity of our system is more than 200 g. This fea- To the best of our knowledge, our new method pro- duced the highest islet yield recorded to date. This high targets for the recipient immune system. Single donor islet transplantation could reduce the immune target. We porcine islet yield enabled us not only to cure SCID mice as part of a functional assay, but also to reduce plan to implement some modifications from our new method for human islet isolation to help us achieve sin-blood glucose level of a pancreatectomized diabetic pig with a bioartificial pancreas from a single donor (Ko-gle donor islet transplantation.
In conclusion, our new method enabled us to obtain bayashi et al., manuscript in preparation).
The University of Minnesota group claimed that sin-an extremely high yield of well-functioning porcine islets and can be expected to produce useful information gle donor islet transplantation has several advantages (4). First, a single clinical islet isolation procedure costs for human islet isolation and transplantation. Eventually, this method may make it possible to perform clinical at least $20,000 (3), so that substantial savings could be realized if diabetes can be cured with the use of a single single donor xenogeneic islet transplantation. donor. Second, even though islet transplantation rarely ACKNOWLEDGMENTS: The authors would like to thank Mr.
causes viral transmission, the possibility of transmission
Yusuke Nakai, Ms. Michiko Ueda, Ms. Akemi Ishii, and Mr. may be reduced with a single transplantation. Third, Kazuo Umihira for their expert technical assistances. This work was supported in part by the Ministry of Education, Sci-multidonor islets are likely to increase the number of 
